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Abstract
Background: R2 retrotransposable elements exclusively insert in the 28S rRNA genes of their host. Their RNA
transcripts are produced by self-processing from a 28S R2 cotranscript. Because full-length R2 transcripts are found
in most tissues of R2-active animals, we tested whether new R2 insertions occurred in somatic tissues even though
such events would be an evolutionary dead end.
Findings: PCR assays were used to identify somatic R2 insertions in isolated adult tissues and larval imaginal discs
of Drosophila simulans. R2 somatic mosaics were detected encompassing cells from individual tissues as well as
tissues from multiple body segments. The somatic insertions had 5’ junction sequences characteristic of germline
insertions suggesting they represented authentic retrotransposition events.
Conclusions: Body segments are specified early in Drosophila development, thus the detection of the same
somatic insertion in cells from multiple tissues suggested that the R2 retrotransposition events had occurred before
the blastoderm stage of Drosophila development. R2 activity at this stage, when embryonic nuclei are rapidly
dividing in a common cytoplasm, suggests that some retrotransposition events appearing as germline events may
correspond to germline mosaicism.
Findings
Mobile element insertions during the development of
somatic tissues provide no benefit to the element, as
these insertions are not transferred to subsequent gen-
erations. Thus in animals, where the separation of
somatic and germline tissues is established early, the
ability of a mobile element to generate new insertions in
somatic tissues would most likely be selected against.
Consistent with this prediction, early studies in Droso-
phila melanogaster showed that P element transposi-
tions were dependent upon a germline-specific RNA
splicing component [1], and I elements were only tran-
scribed in ovaries [2]. However, counter to this model,
mobile elements in other animals have been shown to
generate new insertions in somatic tissues (for example,
Tc1 elements in Caenorhabditis elegans [3], L1 elements
in mammals [4,5]).
Several explanations can be put forward for the
somatic activity of mobile elements. First, somatic events
are inconsequential to the host and thus there is little
selective pressure for a mobile element to evolve specifi-
city to the germline. Second, somatic events are harmful,
however it is risky for a mobile element to become
dependent on a germline-specific mechanism, as it pro-
vides another opportunity for the host to control the
element. Third, on occasions somatic events provide a
benefit to the host. This last fascinating possibility has
been suggested to explain the ability of L1 to retrotran-
spose in nerve tissues [6].
R2 non-LTR retrotransposable elements specifically
insert into the tandemly repeated rRNA genes of many
animal genera, Figure 1A[7,8]. Each R2 insertion blocks
the production of functional 28S rRNA from the
inserted gene. Because animals contain many more
rRNA genes than are needed for transcription [9,10], in
most individuals inserted rRNA units are simply not
transcribed. However, studies in Drosophila simulans
indicate that in individuals where R2-inserted units are
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units are transcribed [11-13]. The R2 transcripts are
processed from the cotranscript [14], and new germline
retrotransposition events can be observed in the pro-
geny. Because rRNA transcription is essential in all tis-
sues, and full-length R2 transcripts are readily detected
in most larval and adult tissues of active lines ([12] and
D. Eickbush and T. Eickbush, unpublished results), we
tested whether R2 retrotranspositions also occur in
somatic tissues. The D. simulans stock selected for
study, sim89, had high levels of R2 transcripts in many
tissues and new insertions could be detected in progeny
that had originated in either the male or female parent
[12,15]. For each animal the screens for R2 somatic
mosaics were conducted with either seven adult tissues
(antenna, proboscis, the rest of the head, wing, haltere
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Figure 1 Diagram of R2 insertions within the rRNA genes of Drosophila and the PCR assay used to monitor somatic mosaicism. (A)
Diagram of the tandemly repeated rRNA genes of Drosophila simulans and the location of R2 insertions. Black boxes, 18S, 5.8S and 28s rRNA
genes (5.8S gene between the 18S and 28S genes is not labeled); white boxes, transcribed spacer regions. (B) About half of the R2 insertions
have deletions of their 5’ end that can extend to nearly the entire length of the element. All R2 copies have the same 3’ junction with the 28S
gene. Arrows above the R2/28S diagrams indicate the positions of the oligonucleotide primers used to assay for the 5’ truncations. The DNA
extraction method, the primers used and the PCR protocols used were identical to those in previous reports [11-13]. (C) Examples of the
ethidium stained PCR products derived from larval tissues. The larval tissues were dissected in Drosophila Ringers. (D) Examples of the ethidium
stained PCR products derived from adult tissues. Adult tissues were placed directly in the DNA extraction solution. PCR bands interpreted as
somatic insertions are indicated with arrows. To be scored as a somatic mosaic the amplified band had to be detected with two sets of primer
combinations (shown below the figures). The following abbreviations for body segments were used: An = antenna; Br, brain from a larvae; D1-
D3, individual pairs of imaginal disc (the specific disc pair used was not known); Ha = haltere; Hd = head; L1 and L2 = individuals legs from
different body segments; Pr = proboscis; Wi = wing.
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with four third instar larval tissues that are precursors
to adult tissues (brain, and three pairs of imaginal discs).
Larval-specific tissues were not used because they are
composed of polytene cells, which under-replicate R2-
inserted rDNA units [16]. New insertions were assayed
using the same 5’ junction PCR assays previously used
to detect germline events [11,15,17]. These assays utilize
the property that while all R2 insertions occur at the
identical location in the 28S genes when monitored
from the 3’ end, over half of the R2 retrotransposition
events result in a deletion of element sequences starting
at its 5’ end and extending to locations throughout its
3.6 kb length. These 5’ truncated copies can also contain
short deletions or duplications of upstream 28S gene
sequences. As a result somatic R2 insertions containing
5’ truncations will generate PCR bands of lengths that
seldom match the lengths of the PCR bands derived
from the germline inherited 5’ truncated elements. The
PCR assays were conducted using a single primer
located 80 bp upstream of the R2 insertion site in com-
bination with a series of primers to sequences spaced
throughout the length of the R2 element (Figure 1B)
[12].
Somatic mosaics were defined as the presence of
unique PCR bands in only a subset of the tissues tested
from a single animal. To be scored as a somatic insertion,
each new PCR band also had to be reproducibly detected
using two different PCR primer combinations. Examples
of an R2 insertion in one tissue of the four tested from a
third instar larva, and of another insertion detected in
three of seven adult tissues are shown in Figure 1C, D.
The PCR bands representing potential somatic events
were less intense than the bands derived from the R2 ele-
ments inherited from the mother or father, as expected if
not all cells of a tissue type contained the insertion. Gen-
erally new bands could be reproducibly observed if they
corresponded to at least one-tenth the intensity of those
bands derived from inherited R2 copies. In total, tissues
from 29 individuals (14 females, 15 males) were scored.
A total of 15 potential somatic insertions were detected
in 7 animals (2 females with 4 total events, and 5 males
with 11 total events). The detection of greater numbers
of new insertions in males compared to females was
likely due to the greater sensitivity of the PCR assay in
males. The rRNA genes in D. simulans are located on the
× chromosome [18]: thus males contain a single rDNA
locus, compared to two copies of the rDNA locus in
females. The somatic events were detected in essentially
all tissues examined, although the numbers of events
were not sufficient to make conclusions about relative
frequencies.
To confirm that the PCR bands detected in only a
subset of tissues corresponded to new R2 insertions
arising from retrotransposition mechanisms similar to
that of germline events, PCR bands representing 12
events that were well separated from the germline bands
were excised from the gel, reamplified and the product
sequenced. As shown in Figure 2 the 5’ ends of the
somatic R2 insertions had the characteristics associated
with germline R2 insertions [19]. First, the 5’ junctions
of the R2 sequences with the 28S gene occurred at a
variety of positions near the R2 insertion site. As with
germline insertions, most junctions were within a few
base pairs of the insertion site, but a few were found at
distances of approximately 25 and 50 nucleotides. Sec-
ond, seven insertions had microidentities of from 1-3
nucleotides between the R2 element and the upstream
28S sequence (sequences highlighted in blue). These
microidentities are suggested to arise by the R2 DNA
polymerase (also known as reverse transcriptase) anneal-
ing the upstream target DNA of the 28S gene to the
newly made cDNA strand to prime second strand DNA
synthesis. Microidentities at the 5’ junction of truncated
copies is a common property of L1 and other non-LTR
retrotransposons [20]. Third, in those cases with no
microidentity, from 1-9 nucleotides were present at the
junction that did not correspond to either the upstream
28S gene or the R2 element (sequences highlighted in
orange). These bases are postulated to represent non-
templated synthesis by the R2 reverse transcriptase on
the second DNA strand cleavage site until a microiden-
tity between these added nucleotides and the cDNA
strand enables the polymerase to prime second strand
DNA synthesis. In summary, the physical properties of
the 5’ junctions of the new PCR bands detected in
somatic tissues suggest they represent authentic retro-
transposition events.
Because the development of Drosophila has been
intensively investigated, the timing of the retrotransposi-
tion events that generated the observed somatic mosaics
can be estimated. By mid-embryogenesis (10-12 h),
small clusters of cells (10-40 cells) are specified to
become individual imaginal discs [21,22]. Each imaginal
disc primordium divides during the 3 larval instars to
form from 10,000 to 60,000 cells by late larval develop-
ment [23]. Because the observed somatic events were
present in a significant fraction of the cells present in a
third instar larval disc or an adult tissue, the retrotran-
sposition events probably occurred before or early in
imaginal disc development. Those retrotransposition
events detected in more than one disc or adult appen-
dage probably occurred even earlier in development,
before determination of body segments at the blasto-
d e r ms t a g e( 2 - 3h ) .O ft h e1 5e v e n t sw eo b s e r v e d ,5
were detected in cells derived from more than 1 body
segment. Because we surveyed only a fraction of all
body segments in either the larvae or adult, it is likely
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we observed occurred before the blastoderm stage. This
developmental period corresponds to rapid nuclear divi-
sion in a common cytoplasm. During this period there
is little RNA synthesis but active protein synthesis using
the RNA synthesized by the nurse cells and deposited in
the oocyte during oogenesis [24]. Because rRNA synth-
esis also does not occur in these first hours of develop-
ment [25], R2 retrotransposition events occurring
during this time probably use RNA templates synthe-
sized by the nurse cells during oogenesis.
It should be noted that the observed somatic retro-
transposition events likely occurred at a time when
embryonic nuclei had not yet entered the pole plasma
of the egg to become the germline. Thus in addition to
somatic mosiacism there is also likely to be germline
mosiacism of R2 elements in Drosophila. As a result, re-
evaluation of a previous study of retrotransposition in
the germline of males and females appears warranted
[ 1 5 ] .W eh a v ep r e v i o u s l ys u g g e s t e dt h a tt h er a t eo fR 2
insertion inherited through the male germline was one-
third to one-quarter the rate of insertions through the
female germline. Based on the findings in this report, it
is possible that all of the insertions scored as inherited
through the male germline (that is, during spermatogen-
esis), actually occurred during early embryogenesis.
Because preblastoderm development in male and
female embryos are similar, we suggest the higher rate
AAAGTGAAGAAATTACGGAGCATGACCTTCGGGCGTCAAGAATCTCATTATCTTCATCTCCGGGGCCTGACGGGATAACTCCAAAATCTG
1208
AAAGTGAAGAAATAAATGGCTATGAGGATGGTTTTAGTACGTAGGCGTTGCGGAACTTCGGTTCAGATAGAGCAATGAATCGTGCATGCT
AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGCCAAATG  ATGGATTAAGACGGATTAAGACGGAC
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AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTCCTGGGAATTTTTCCGGCACAGGGTGTACGACACACGCTGACG
1039
AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTCTAAAGGAAGATGCATCAAGTCCTTGCTAAATGGAACTGATGA
1141
AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAGCCCAAGCTCTTGCAGTGGAGAAGTGATACAAATGGATCAC
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AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAAGCAAAATCAATAGATACGACAGACCGGACATACGAACTGA
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AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAAGGGAGTGTGGCGATAGGCGTCCTACGAAAAACTGACAAAT
2442
AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAAGGAGTCATCACTAAGATGGGTAGCTCCAATGTTAAGGCTA
3412
AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAAGGTTATGGTTATATATAAATGGCTATGAGGATGGTTTTAG
AAAGTGAAGAAATTCAAG  CAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGCCAAATG  ATGGATTAACGAGATTCCTACTGTCC
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+55 +65
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Figure 2 Diagram of the 5’ junction sequences of the somatic R2 insertions with the 28S gene. Putative somatic insertions such as those
shown in Figure 1C, D were excised from a gel, re-amplified with the same PCR primers, purified on a second gel and subjected to double-
stranded DNA sequencing. The 28S gene sequence is shown at the top of the figure. Short regions upstream and downstream of the R2
insertion site (arrow) are not shown because no R2 junctions occurred in these areas. For each junction those sequences corresponding to R2
sequences have been highlighted with tan shaded boxes. Those nucleotides that could correspond to either the 28S sequence or R2 (described
as microidentities in the text) have been indicated with a blue box. Those sequences that do not correspond to either the 28S gene or R2
(described as non-templated nucleotides in the text) are indicated with an orange box. The number at each junction corresponds to the first
nucleotide of the R2 element, based on the consensus Drosophila simulans R2 sequence [18].
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represents this germline mosiacism as well as authentic
germline events during oogenesis. Two separate periods
of R2 activity in females was also consistent with experi-
ments to monitor a large fraction of the offspring from
individual females. In the most comprehensive study,
new insertions were assayed in 213 progeny of a single
female [15]. Of the 32 different R2 insertions detected
in these progeny, 27 were found in only 1 individual
and 4 were detected in 2 individuals. These insertions
appeared to have occurred late in the development of
the germline (that is, during oogenesis). The final R2
insertion was detected in 13 progeny, and could corre-
spond to an insertion during early development. Addi-
tional evidence for germline mosiacism was found in the
analysis of progeny from another female in which 6 of
17 individuals contained the same new R2 insertion.
In conclusion, we suggest that R2 elements are active
early in Drosophila development, and as in the case with
L1 elements in mouse and humans [4,5], can lead to
both somatic and germline mosiacism. To determine if
R2 elements are also active in somatic tissues later in
development will require assaying many smaller samples
from individual tissues or more sensitive approaches to
detect insertions in smaller percentages of cells. Finally,
R2 should serve as a reminder in the study of other
mobile elements that events early in development can
give rise to insertion mosaics that could be misinter-
preted as germline events in the subsequent generation.
Acknowledgements
The research was support by funds from the National Institutes of Health
grant GM42790. The authors would like to thank B Burke for help with the
DNA sequencing, D Eickbush for comments on the manuscript, and M
Welte for discussions of early Drosophila development.
Author details
1Department of Biology, University of Rochester, Rochester, NY, USA.
2Fred
Hutchinson Cancer Research Center, Seattle, WA, USA.
Authors’ contributions
MTE helped design the experiments, conducted all the experiments, and
help perfect the manuscript. THE helped design the experiments and wrote
the first draft of the manuscript. Both authors read and approved the final
manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 8 July 2011 Accepted: 29 September 2011
Published: 29 September 2011
References
1. Laski FA, Rio DC, Rubin GM: Tissue specificity of Drosophila P element
transposition is regulated at the level of mRNA splicing. Cell 1986,
44:7-19.
2. Chaboissier MC, Busseau I, Prosser J, Finnegan DJ, Bucheton A:
Identification of a potential RNA intermediate for transposition of the
LINE-like element I factor in Drosophila melanogaster. EMBO J 1990,
9:3557-3563.
3. Emmons SW, Yesner L: High-frequency excision of transposable element
Tc1 in the nematode Caenorhabditis elegans is limited to somatic cells.
Cell 1984, 36:599-605.
4. van den Hurk JA, Meij IC, Seleme MC, Kano H, Nikopoulos K, Hoefsloot LH,
Sistermans EA, de Wijs IJ, Mukhopadhyay A, Plomp AS, de Jong PTVM,
Kazazian HH Jr, Cremers FPM: L1 retrotransposition can occur early in
human embryonic development. Hum Mol Genet 2007, 16:1587-1592.
5. Kano H, Godoy I, Courtney C, Vetter MR, Gerton GL, Ostertag EM,
Kazazian HH Jr: L1 retrotransposition occurs mainly in embryogenesis
and creates somatic mosaicism. Genes Dev 2009, 23:1303-1312.
6. Muotri AR, Chu VT, Marchetto MCN, Deng W, Moran JV, Gage FH: Somatic
mosaicism in neuronal precursor cells mediated by L1
retrotransposition. Nature 2005, 435:903-910.
7. Eickbush TH: R2 and related site-specific non-LTR retrotransposons. In
Mobile DNA II. Edited by: Craig N, Craigie R, Gellert M, Lambowitz A.
Washington DC: American Society of Microbiology Press; 2002:813-835.
8. Kojima KK, Fujiwara H: Long-term inheritance of the 28S rDNA-specific
retrotransposon R2. Mol Biol Evol 2005, 22:2157-2165.
9. Conconi A, Widmer AR, Koller T, Sogo JM: Two different chromatin
structures coexist in ribosomal RNA genes throughout the cell cycle. Cell
1989, 57:753-761.
10. Ye J, Eickbush TH: Chromatin structure and transcription of R1- and R2-
inserted rRNA genes of Drosophila melanogaster. Mol Cell Biol 2006,
26:8781-8790.
11. Zhang X, Eickbush TH: Characterization of active R2 retrotransposition in
the rDNA locus of Drosophila simulans. Genetics 2005, 170:195-205.
12. Eickbush DG, Ye J, Zhang X, Burke WD, Eickbush TH: Epigenetic regulation
of retrotransposons within the nucleolus of Drosophila. Mol Cell Biol 2008,
28:6452-6461.
13. Zhou J, Eickbush TH: The pattern of R2 retrotransposon activity in natural
populations of Drosophila simulans reflects the dynamic nature of the
rDNA locus. PLoS Genetics 2009, 5:e1000386.
14. Eickbush DG, Eickbush TH: R2 retrotransposons encode a self-cleaving
ribozyme for processing from an rRNA co-transcript. Mol Cell Biol 2010,
30:3142-3150.
15. Zhang X, Zhou J, Eickbush TH: Rapid R2 retrotransposition leads to the
loss of previously inserted copies via large deletions of the rDNA locus.
Mol Biol Evol 2008, 25:229-237.
16. Endow SA, Glover DM: Differential replication of ribosomal gene repeats
in polytene nuclei of Drosophila. Cell 1979, 17:597-605.
17. Perez-Gonzalez CE, Eickbush TH: Dynamics of R1 and R2 elements in the
rDNA locus of Drosophila. Genetics 2001, 158:1557-1567.
18. Lohe AR, Roberts PA: An unusual Y chromosome of Drosophila simulans
carrying amplified rDNA spacer without rRNA genes. Genetics 1990,
125:399-406.
19. Stage DE, Eickbush TH: Origin of nascent lineages and the mechanisms
used to prime second-strand DNA synthesis in the R1 and R2
retrotransposons of Drosophila. Genome Biol 2009, 10:R49.
20. Ostertag EM, Kazazian HH Jr: Biology of mammalian L1 retrotransposons.
Annu Rev Genet 2001, 35:501-538.
21. Technau GM: A single cell approach to problems of cell lineage and
commitment during embryogenesis of Drosophila melanogaster.
Development 1987, 100:1-12.
22. Cohen SM: Imaginal disc development. In The Development of Drosophila
melanogaster. Volume 2. Edited by: Bate M, Arias AM. Cold Spring Harbor,
NY, USA: Cold Spring Harbor Laboratory Press; 1993.
23. Klebes A, Biehs B, Cifuentes F, Kornberg TB: Expression profiling of
Drosophila imaginal discs. Genome Biol 2002, 3:RESEARCH0038.
24. Nasiadka A, Dietrich BH, Krause HM: Anterior-posterior patterning in the
Drosophila embryo. Adv Develop Biol Biochem 2002, 12:155-186.
25. McKnight SL, Miller OL Jr: Ultrastructural patterns of RNA synthesis during
early embryogenesis of Drosophila melanogaster. Cell 1976, 8:305-319.
doi:10.1186/1759-8753-2-11
Cite this article as: Eickbush and Eickbush: Retrotransposition of R2
elements in somatic nuclei during the early development of Drosophila.
Mobile DNA 2011 2:11.
Eickbush and Eickbush Mobile DNA 2011, 2:11
http://www.mobilednajournal.com/content/2/1/11
Page 5 of 5